Cyclophosphamide (CPA)-based combination treatment has known to be effective for breast cancer, but often causes adverse drug reactions (ADRs). Hence, the identification of patients at risk for toxicity by CPA is clinically significant. In this study, a stepwise case-control association study was conducted using 403 patients with breast cancer who received the CPA combination therapy. A total of 143 genetic polymorphisms in 13 candidate genes (CYP2B6, CYP2C9, CYP2C19, CYP3A4, CYP3A5, ALDH1A1, ALDH3A1, GSTA1, GSTM1, GSTP1, GSTT1, ABCC2 and ABCC4), possibly involved in the activation, metabolism and transport of CPA, were genotyped using 184 cases who developed either Xgrade 3 leukopenia/neutropenia or Xgrade 2 gastrointestinal toxicity and 219 controls who did not show any ADRs throughout the treatment. The association study revealed that one SNP, rs9561778 in ABCC4, showed a significant association with CPA-induced ADRs (Cochran-Armitage trend's P-value¼0.00031; odds ratio (OR)¼2.06). Subgroup analysis also indicated that the SNP rs9561778 was significantly associated with two major ADR subgroups; gastrointestinal toxicity and leukopenia/neutropenia (Cochran-Armitage trend's P-value¼0.00019 and 0.014; OR¼2.31 and 1.83). Furthermore, the SNP rs9561778 showed an association with breast cancer patients who were treated with CA(F) drug regimen-induced ADR (Cochran-Armitage trend's P-value¼0.00028; OR¼3.13). The SNPs in ABCC4 might be applicable in predicting the risk of ADRs in patients receiving CPA combination chemotherapy.
INTRODUCTION
Cyclophosphamide (CPA) is one of the most widely used anticancer drugs in the treatment of hematological malignancies and a variety of solid tumors including breast cancer. 1 CPA is frequently used together with other chemotherapeutic agents; with anthracyclin (adriamycin, epirubicin) termed the CA regimen, with methotrexate and 5-fluorouracil (CMF), with adriamycin and 5-flurouracil (CAF), or with 5-fluorouracil (CF). 2 The CPA-based combination treatment has been known to be effective for breast cancer, but often causes adverse drug reactions (ADRs), such as leukopenia/neutropenia, and gastrointestinal symptoms such as vomiting, anorexia and nausea (http://www.cancercare.on.ca/pdfdrugs/cyclopho.pdf).
CPA is a prodrug that requires metabolic activation to exert its effect. After CPA administration, the drug is metabolized to 4-hydroxycyclophosphamide (4-OH-CPA) by CYP2B6 and CYP2C9 as well as to a lesser extent by CYP3A4 and CYP3A5 in the liver. [3] [4] [5] The 4-OH-CPA interconverts rapidly with its tautomer, aldophosphamide and then degrades spontaneously to form phosphoramide mustard, which is a therapeutically active component. Both 4-OH-CPA and aldophosphamide are detoxified by glutathione (GSH) conjugation catalyzed by multiple glutathione S-transferases (GSTA1, GSTM1, GSTP1 and GSTT1) and by aldehyde dehydrogenase (ALDH1A1 and ALDH3A1) to carboxycyclophosphamide. 6, 7 Thus, hepatic metabolism is the primary route of CPA elimination. In addition, it has been reported that transporters such as ABCC2 (also known as MRP2) 8 and ABCC4 (also known as MRP4) 9 are known to be involved in transport of CPA and its metabolites.
Most of the drug-metabolizing enzymes and transporters contain a wide range of genetic polymorphisms, which might cause a large interindividual variability in the plasma concentration of drugs. Furthermore, anticancer therapies are notoriously known to have a narrow therapeutic range; a higher concentration in the patient's body causes toxicity and a lower concentration reduces the efficacy of the drugs. Hence, the role of pharmacogenomics, which is expected to provide a predictive way for severe drug toxicity, is greatly essential.
To our knowledge, many of the current publications, which revealed association analysis with ADRs induced by CPA combination therapy, concentrated only on enzymes involved in the activation and detoxification of CPA, and many of them focused on ADRs by CPA combination therapy for other diseases such as systemic lupus erythematosus and lupus nephritis, but not for cancer. [10] [11] [12] Hence, the objective of this study is to discover SNPs associated with CPAinduced ADRs in patients with breast cancer using a case-control association study, focusing on not only the drug-metabolizing enzymes, but also the transporters, which might also have an important role in pharmacokinetics of CPA or its active forms.
MATERIALS AND METHODS Subjects
All the samples were recruited at BioBank Japan (http://biobankjp.org), which has a collaboration network of 66 hospitals throughout Japan, with written informed consent. In this study, patients who revealed ADRs of Xgrade 3 leukopenia or neutropenia, or those with Xgrade 2 gastrointestinal toxicity induced by CPA combination therapy were defined as cases (ADR), whereas controls (non-ADR) were defined as patients who had shown no toxicity during CPA-based combination therapy.
A total of 216 breast cancer patients comprising 76 cases (ADR) and 140 controls (non-ADR), were collected from June 2003 to March 2006; this served as the first exploratory samples set (1st set) in this study (Table 1) . Another independent set of samples was collected from April 2006 to November 2007, which consist of 108 ADR cases and 79 non-ADR controls, and was subsequently added into the study as independent second set samples. Age difference between case and control groups in this study was not statistically significant (P-value¼0.73). The grade of toxicity was classified in accordance with the National Cancer Institute-Common Toxicity Criteria version 2.0. This project was approved by the ethics committees at The Institute of Medical Science, The University of Tokyo, Tokyo, Japan.
Selection of SNPs and genotyping
A total of 141 SNPs (tagSNPs and functional SNPs) and two deletion polymorphisms in 13 candidate genes that are involved in activation, detoxification and transportation of CPA (CYP2B6, CYP2C9, CYP2C19, CYP3A4,  CYP3A5, ALDH1A1, ALDH3A1, GSTA1, GSTM1, GSTP1, GSTT1, ABCC2 , and ABCC4), were genotyped. The selection criteria of the tagSNPs were based on the measures of linkage disequilibrium (LD) with r 2 value X0.8 and minor allele frequency (MAF) of 410% from the HapMap database (http://www. hapmap.org/). For CYP2C19, CYP3A4 and CYP3A5, only functional SNPs were tested because of the poor information on tagSNPs on these gene loci. All the SNPs were genotyped using multiplex polymerase chain reaction (PCR)-invader assay 13 or direct sequencing. Lastly, for GSTM1 and GSTT1, only gene deletion analysis was performed as described previously, as these two genes were frequently deleted in our population. 14 
Strategy of the study and statistical analysis
The strategy of this study was in a stepwise manner. Association analysis was performed by using the Cochran-Armitage trend test. The first genotyping was performed using 76 ADR cases and 140 non-ADR controls. SNPs that show P-valueo0.05 in the Hardy-Weinberg equilibrium were excluded from further evaluation. SNPs that showed a P-value of o0.05 in the Cochran-Armitage trend test were further genotyped in an additional 108 ADR cases and 79 non-ADR controls. Lastly, the data of the first and the second sets were merged to evaluate its association with the ADR. In addition, during multiple testing, Bonferroni correction was applied, to further assess the significance level of the association. Subgroup analysis, such as types of ADR developed after the individual received CPA combination therapy and types of chemotherapy regimen for breast cancer, was also evaluated. All the statistical analyses and haplotype analyses were performed using the PLINK program 15 and haploview software, 16 respectively.
RESULTS
Association study with ADRs by CPA-based combination therapy A total of 143 polymorphisms in 13 candidate genes were genotyped by using the first set of samples consisting of 76 ADR cases and 140 non-ADR controls. Among them, eight SNPs (rs4918766 in CYP2C9, rs1614102, rs9561778, rs4148532, rs1729775, rs1751070, rs4771912 and rs8001444 in ABCC4) showed possible association with ADRs induced by CPA combination therapy, yielded a P-value of o0.05 in the Cochran-Armitage trend test (Table 2 ). Considering the low statistical power because of the number of the exploratory sample set, three SNPs, rs1934968 in CYP2C9, rs7988595 and rs870004 in ABCC4, which showed some trends of association, were also examined in the further study. Hence, a total of 11 SNPs were genotyped using an independent second set of samples. Three SNPs located in CYP2C9 (rs1934968) and ABCC4 (rs9561778 and rs4148532), revealed P-values of less than 0.05 (Table 3) . However, only one SNP rs9561778 in ABCC4 was considered to be significantly associated with ADR by CPA combination therapy after applying strict Bonferroni's correction (Cochran-Armitage trend's P-value¼0.00031; Bonferroni-adjusted P-value¼0.044; OR¼2.06; 95% CI¼1.36-3.11; Table 3 ). Hence, we further genotyped all the tagSNPs in this gene, to facilitate haplotype analysis and subgroup analysis. Haplotype analysis (data not shown) revealed that the association of a single SNP (rs9561778; permutation P-value¼0.0031, OR¼2.06) with ADR by CPA was stronger than that of a risk haplotype (permutation P-value¼0.011, OR¼1.89).
Subgroup analysis
We also performed subgroup analyses by using five SNPs located within the LD block including the significantly associated SNP (rs9561778), according to the types of ADRs. For the first subgroup analysis, we divided cases into two major subgroups; one is gastrointestinal toxicity of Xgrade 2 (GI) and leukopenia/neutropenia of Xgrade 3 (LN). We found that rs9561778 showed significant association with both the gastrointestinal toxicity and leukopenia/neutropenia, yielding similar trends of odds ratio (Cochran-Armitage trend's P-value¼0.00019 and 0.014; OR¼2.31 and 1.83; 95% CI¼1.45-3.68 and 1.10-3.05, respectively; Table 4 ).
For the second subgroup analysis, we evaluated the association of ABCC4 genotypes with the ADR induced by the CA(F) (cyclophosphamide and anthracyclin with or without 5-fluorouracil) drug regimen because the CA(F) regimen is one of the most major combination therapies for breast cancer. The numbers of cases treated with these regimens were the most in our CPA combination therapy cases (ADR: 146 cases and non-ADR: 80 controls). Thus, we consider that this combination possesses some statistical power to be analyzed. This subgroup analysis revealed that the SNP rs9561778 in ABCC4 Association study of SNPs with CPA-induced toxicity S-K Low et al showed a significant association with a higher odds ratio (CochranArmitage trend's P-value¼0.00028; OR¼3.13; 95% CI¼1.68-5.83) with patients treated with the CA(F) regimen (Table 5 ).
DISCUSSION
Most of the genes encoding the enzymes involved in the activation and detoxification pathways are known to be highly polymorphic. There are several reports indicating that the polymorphisms in such genes were associated with the risk of the toxicity caused by CPA combination therapy, but there are significant inconsistencies in the results mostly because of the small sample size, [10] [11] [12] 17, 18 suggesting the urgent need to further confirm those reports. In this study, we examined a total of 141 SNPs and two gene deletions in 13 candidate genes that were considered to be involved in the activation (CYP2B6, CYP2C9, CYP2C19, CYP3A4 and CYP3A5), detoxification (GSTA1, GSTM1, GSTP1, GSTT1, ALDH1A1 and ALDH3A1) and transportation of CPA (ABCC2, and ABCC4), and clarified that one SNP, rs9561778, in ABCC4 was significantly associated with ADRs caused by CPA combination therapy. ABCC4 is a member of the superfamily of ATP-binding cassette (ABC) transporters. ABCC4 protein is expressed relatively ubiquitously in many organs including the kidney, 19 lung, 20 liver, 21 prostate, 22 brain, 23 pancreas, 24 lymphocytes 25 and platelets. 26 ABCC4 transports some of its substrates in GSH-dependent manner and depletion of intracellular GSH by GSH synthesis inhibitor, DLbuthionine-(S,R)-sulfoximine, blocks ABCC4-mediated export of the substrates, such as bile acid and cAMP. 27 A recent study indicated that CPA and/or its active metabolites are the substrates to ABCC4 because the in vitro CPA cytotoxicity was significantly enhanced by the addition of DL-buthionine-(S,R)-sulfoximine. 9 The expression of ABCC4 in the kidney might have an important role in the elimination of CPA, and its metabolites from the body and genetic variations within this gene might affect the amount or nature of this transporter, resulting in the impairment of excretion and subsequent overdose manifestation. This idea was supported by several previous studies that showed specific localization of ABCC4 in the kidney at the apical membrane of proximal tubules and indicated its possible role as one of the efflux pumps for urinary excretion. The substrates for ABCC4 so far found are purine metabolites urate, cAMP, cGMP and methotrexate. 19, 28, 29 A recent report has suggested that not only CPA, but also its active metabolites are substrates to ABCC4, 9 and a significant proportion of them is likely to be excreted through the urine. 30 Hence, ABCC4 might act as one of the important efflux pumps for urinary excretion for both CPA and its metabolites. However, to prove the hypothesis that ABCC4 functions in the renal excretion of CPA and its metabolites, further studies are required. In addition, the expression of ABCC4 in the sinusoidal membrane of hepatocytes might facilitate the secretion of active metabolites of CPA produced from the liver into the systemic circulation. Variants on this gene might cause an excess efflux of CPA and its metabolites, which consequently increase systemic drug concentration in the body.
In this association study, one SNP (rs9561778) that showed a significant association with CPA-induced ADRs, was located in intron 26 of the ABCC4 gene. Although two functional SNPs were also examined, we found no association of them with ADRs. Hence, we assume that rs9561778, some other variants in LD with it, or their combined haplotype possibly influence the expression levels of the gene product. The SNP function prediction software (FastSNP, http:// fastsnp.ibms.sinica.edu.tw/pages/input_SNPListAnalysis.jsp) indicated that the SNP, rs9561778, might be located within a transcription factor binding site possibly within an intronic enhancer sequence and serve as a causative variant affecting the expression level of the gene. However, further functional analyses are required to clarify how this SNP influences the drug activity.
We found that rs9561778, which showed significant association with CPA-induced ADRs, possessed similar trends of odds ratio in both the gastrointestinal toxicity and leukopenia/neutropenia (OR¼2.31 and 1.83, respectively), indicating that the two toxicities might be caused by an overdose manifestation of CPA, which leads to ADR development. We suspect that the impairment of ABCC4 might cause an insufficient CPA clearance and subsequent increase of the CPA concentration in the body, although further investigation is required. Furthermore, we observed associations of rs931110, rs2698243 and rs1729775 with either gastrointestinal toxicity or leukopenia/neutropenia (Table 4) . These associations might be observed simply because of the LD with rs9561778, but the stronger association with one phenotype might be explained by the effect of these SNPs on the tissue-specific expression of ABCC4 and the tissuespecific clearance of the drug. However, this hypothesis should be validated by association analysis using larger samples as well as by a functional analysis of these SNPs.
We identified novel SNPs that might be significantly associated with ADRs in breast cancer patients treated with the CA(F) regimen. Although the number of samples used for this subgroup analysis was small, the SNP rs9561778 in ABCC4, which was significantly associated with the ADR induced by CPA combination therapy (Cochran-Armitage trend's P-value¼0.00031; OR¼2.06; 95% CI¼1.36-3.11), revealed an even stronger association and higher OR with ADR induced by the CA(F) regimen for breast cancer (CochranArmitage trend's P-value¼0.00028; OR¼3.13; 95% CI¼1.68-5.83). Although the other four SNPs located within the same LD block showed a similar trend of association, rs9561778 remained the strongest significantly associated SNP, further suggesting that this SNP might act as an important marker for risk of ADR induced by the CA(F) regimen.
In conclusion, through the candidate gene approach, associations between ABCC4 genotypes and CPA-induced ADRs were identified. Although the association as well as the mechanism to induce ADRs should be further validated by using a larger number of samples or by molecular analysis, this study has contributed another piece of the puzzle into the mist of the prediction system, which may help in identifying patients at risk of CPA-induced ADRs and lead to a better prognosis and quality of life for patients with cancer. 
